postoperative AKI and mortality were assessed via univariable and multivariable Cox proportional hazard analyses with time-varying effects for postoperative serum hemoglobin concentrations. Results The median preoperative and median minimum postoperative serum hemoglobin concentrations were 13.1 gÁdL -1 and 8.8 gÁdL -1 , respectively. The incidence of AKI was 58%. Overall, 1,880 (30.7%) patients died an average of 6.8 yr after surgery. After adjusting for differences in baseline and clinical characteristics, on any given day, patients with preoperative anemia (multivariable hazard ratio [HR], 1.23; 95% confidence interval [CI], 1.13 to 1.33; P \ 0.001) and those with a combination of preoperative and postoperative anemia (multivariable HR, 1.24; 95% CI, 1.09 to 1.40; P \ 0.0008) were at an elevated risk for developing postoperative AKI and mortality (preoperative anemia: multivariable HR, 1.29; 95% CI, 1.15 to 1.44; P \ 0.001; preoperative and postoperative anemia: multivariable HR, 1.50; 95% CI, 1.25 to 1.79; P \ 0.001). Conclusions Our findings suggest that preoperative anemia alone and preoperative anemia combined with postoperative anemia are associated with AKI and mortality after CABG surgery. Acute kidney injury (AKI) after cardiac surgery remains a common, serious postoperative complication that affects 30-52% of these patients, with as many as 3% requiring renal replacement therapy.
1,2 Postoperative AKI after cardiac surgery has been associated with a markedly reduced survival rate, increased utilization of health care resources, and increased likelihood for patients to be discharged to extended-care facilities.
2-4
The pathophysiology of postoperative AKI is complex, involving many factors (e.g., advanced age, preexisting renal dysfunction, diabetes mellitus, ischemia-reperfusion injury, altered regional blood flow with vasomotor dysfunction, inflammatory responses, anemia, thrombocytopenia). 1, [5] [6] [7] [8] Indeed, the interrelation among cellular inflammatory responses, anemia, and platelet activation/aggregation is now recognized as a hallmark feature of AKI. [9] [10] [11] This is particularly relevant to anemic patients undergoing cardiac surgery with cardiopulmonary bypass (CPB), whereby low levels of circulating hemoglobin can promote hypoxic tissue injury characterized by medullary hypoxia, vasoconstriction, glomerular sequestration of activated platelets and inflammatory cells, and proximal tubular epithelial cell stress. 12 Although most of these risk factors are not modifiable, there is a current focus on variables that could be optimized preoperatively to decrease the risk of postoperative AKI. 13 Indeed, several studies investigated and confirmed the association between preoperative anemia and postoperative AKI and mortality after cardiac surgery. 14, 15 It has been shown that preoperative and intraoperative anemia are interrelated risk factors for postoperative AKI after cardiac surgery. 16, 17 Finally, sustained postoperative anemia for more than 50 days after coronary artery bypass grafting (CABG) surgery was found to be associated with an increased incidence of cardiovascular events and allcause mortality. 18 These studies, [14] [15] [16] [17] [18] however, suffered from limitations such as inclusion of a relatively low risk cohort for postoperative AKI, methodological approaches, 18 and inconsistent criteria used for defining postoperative AKI. 13, 15 Importantly, the incremental influence of the patient's preoperative anemia status together with postoperative anemia on his or her risk of postoperative AKI and mortality have not been addressed. 14, 15, 17, 18 Therefore, the objective of our study was to determine whether preoperative and postoperative anemia are independently associated with postoperative AKI and mortality in patients undergoing CABG surgery.
Methods

Study population
The Institutional Review Board for Clinical Investigations at Duke University Medical Center (Durham, NC, USA) approved this study under 00065492-protocol number on August 31, 2016 and waived the requirement for patient consent.
We conducted this retrospective observational study on consecutive adult patients ([18 yrs of age) who underwent isolated CABG surgery with CPB at Duke University Medical Center from January 1, 2001 to July 18, 2015. For patients who underwent more than one cardiac surgical procedure during that period, only data from the first operation were evaluated. Of the original 6,921 patients, 6,130 with complete data for preoperative and postoperative hemoglobin concentrations met the criteria for inclusion in the present study. Among these 6,130 patients analyzed and reported in this study, 4,217 had been analyzed and included in a report of a previous publication. 1 The purpose of that previous study was to determine whether a decrease in platelet count after CABG surgery was independently associated with increased risk for postoperative AKI and mortality adjusted for a set of clinical predictors, including preoperative hemoglobin and postoperative minimum hemoglobin concentrations. The relations of preoperative and postoperative anemia with AKI and mortality were not studied. 
Clinical risk factors
The clinical risk factors for postoperative AKI and allcause mortality included patient characteristics based on the definitions used by the European System for Cardiac Operative Risk Evaluation (EuroSCORE) scoring system, 19 preoperative and intraoperative cardiovascular medication use, CPB and aortic cross-clamp times, intraoperative insertion of the intra-aortic balloon pump, intraoperative and postoperative blood transfusions within two days of surgery, and preoperative and postoperative serum creatinine values, hemoglobin concentrations, and platelet counts. During the study period, the decision for intraoperative and postoperative blood transfusion was guided by laboratory testing consistent with the recommendations of the American Society of Anesthesiologists ''Practice Guidelines for Blood Component Therapy'', adopted in 1995 20 and updated in 2006 21 and 2015 22 as appropriate. Serum creatinine was measured preoperatively and for the first ten days postoperatively per institutional protocol, as described previously. 23 Preoperative serum creatinine values were defined by measures recorded before the index CABG procedure on the day that was closest to, but not on, the day of surgery. 23 Per institutional protocol, serum hemoglobin concentrations were measured preoperatively and for the first ten days postoperatively or until discharge, whichever came first. We evaluated the effects of preoperative and postoperative minimum serum hemoglobin concentrations as continuous variables. A previous study indicated sex differences in tolerance to perioperative anemia. 24 Thus, sex-specific preoperative anemia was defined using the World Health Organization definition of anemia as serum hemoglobin concentration \ 13 gÁdL -1 in men and \ 12 gÁdL -1 in women (http://www.who.int/vmnis/indicators/ haemoglobin.pdf/; accessed October 2, 2016). The threshold for sex-specific postoperative anemia was defined using the median of the lowest (nadir) in-hospital values measured during the first ten postoperative days or until the day of hospital discharge. Subsequently, patients were categorized according to the presence of preoperative and postoperative anemia. We used the unrestricted postoperative nadir hemoglobin value because we were aiming to include the complete follow-up of all patients in order to define the sex-specific threshold for postoperative anemia. That single sex-specific anemia threshold value was then applied on a day-to-day basis in the modeling by comparing each day's hemoglobin to the sex-specific threshold value we derived (see Statistics section for more details). It allowed us to use a single, consistent sex-specific threshold for defining anemia on each postoperative day, rather than a different threshold on each day.
Classification of outcomes
The primary outcome of interest was occurrence of AKI within the first ten postoperative days. Acute kidney injury was defined and categorized according to the Kidney Disease: Improving Global Outcomes (KDIGO) Clinical Practice Guidelines 25 with modification due to the absence of urine output data. Postoperative AKI was ascertained when the serum creatinine level rose C 50% between the day of surgery and postoperative day ten or when a 0.3 mgÁdL -1 (26.5 lmolÁL -1 ) increase was detected in a rolling 48-hr window from the day of surgery to the tenth postoperative day. We also stratified postoperative AKI as follows: stage I = risk: meets AKI criteria but not as pronounced as in stages II and III; stage II = injury: 2.0-to 2.9-fold rise in serum creatinine (i.e., 100-200% increase) within ten days; (3) stage III = failure: C 3.0-fold rise in serum creatinine (i.e., C 200% increase) within ten days, or C 4 mgÁdL -1 [353.6 lmolÁL -1 ] increase in a rolling 48-hr window. 1, 25 The secondary outcome was long-term all-cause mortality. Survival information was obtained from the death registry in EpicÓ, which is part of the Duke University Health System's electronic medical recordskeeping system. Survival data for all patients who undergo cardiac surgery at Duke University Health System are regularly updated in the EpicÓ death registry, provided by return hospital encounters, the National Death Index (http://www.cdc.gov/nchs/ndi/index.htm), 1, 26 Duke Tumor Due to missing numbers (%), preoperative medication use was computed for n = 2,064 patients without anemia, for n = 1,188 patients with preoperative anemia, for n = 1,574 patients with postoperative anemia, and for n = 1,242 patients with preoperative and postoperative anemia AKI = acute kidney injury; CI = confidence interval *The multivariable Cox regression analysis was based on n = 6,067 observations due to missing information (n = 63) on preoperative medication use. For ten patients who died within ten days before developing acute kidney injury (AKI), we censored the AKI follow-up time at the time of death. Daily postoperative laboratory variables were modeled as time-varying to reflect the day-to-day variation in these measures and their relation with time to AKI. All numerical covariates studied had an approximately linear association with the log-hazard of AKI and were modeled as such. No categorical covariate demonstrated significant non-proportionality and did not require modifications to functional form specification. The multivariable regression model uses the full set of pre-specified demographic and clinical variables that appear in Table 1 Anemia and outcome after CABG surgery 51
Registry, Social Security Death Index, in-patient death, and vital status verified via direct patient contact through billing services. The EpicÓ death registry to verify vital status was interrogated as of June 30, 2016.
Statistical analysis
Continuous variables are presented as medians [interquartile range (IQR)] and categorical variables as group frequencies and percentages by the preoperative and postoperative anemia patterns. Kruskal-Wallis or Chisquare tests were used for descriptive comparisons, as appropriate.
The association of preoperative and postoperative hemoglobin levels and anemia patterns with postoperative AKI defined as a binary outcome variable was assessed using univariable and multivariable Cox proportional hazard analyses with time-varying effects for postoperative serum hemoglobin concentration values. We used the Kaplan-Meier method to graphically evaluate and a test of time interaction effects to determine whether the hazard function for each variable met the proportional hazard and linearity assumptions of the Cox model. Given the day-to-day variations in postoperative serum hemoglobin concentrations in our study, we used extended Cox regression analysis with timevarying covariates and hazard ratios (HRs) to model the effects of day-to-day variations in postoperative hemoglobin concentrations on the risk for postoperative AKI. [27] [28] [29] We defined the time-varying anemia pattern and hemoglobin variables in our proportional hazards models based on the most recent daily minimum hemoglobin concentration relative to the time being evaluated. Patients who died prior to experiencing AKI were included in the analysis, but their follow-up times were censored at the time of death. The resulting HR estimates for the effect of serum hemoglobin concentrations in these models should be interpreted as comparisons of the hazard for two patients with different serum hemoglobin concentrations on the same day after surgery.
In a subsequent analysis, we investigated the association between daily postoperative anemia patterns and serum hemoglobin concentrations and the severity of AKI using the Fine-Gray method of proportional hazard models for the subdistribution of stage I, II, and III AKI. 30 With the Fine-Gray method, the subdistribution hazard for a given subevent is defined as the hazard for a patient who either suffers the sub-event or not, and expands the risk set at a given time to include both those who have experienced a different sub-event and those who are currently event-free. This analysis allowed us to estimate the effect of daily postoperative anemia patterns and serum hemoglobin on AKI = acute kidney injury; CI = confidence interval; HR = hazard ratio *Multivariable Cox regression analysis based on n = 6,067 patients with known preoperative medication use. Models were constructed using the Fine-Gray method of competing risks to estimate the subdistribution hazard for each severity level of acute kidney injury (AKI). Multivariate model included all variables in Table 1 the absolute risk of AKI stage and to estimate the cumulative impact of daily postoperative anemia patterns and serum hemoglobin on patient AKI severity. 31 As in the primary analysis, we used a time-varying effect for day-today variations in postoperative serum hemoglobin concentrations (both categorical and continuous).
Univariable and multivariable Cox proportional hazard regression models were next applied to evaluate the unadjusted and adjusted prognostic importance of preoperative and postoperative hemoglobin levelscategorized as preoperative, postoperative, and combined preoperative and postoperative anemia -and postoperative AKI with respect to event-free survival. Using the Kolmogorov-type supremum test and graphical evaluation of the hazard function over time, we evaluated the proportional hazard and linearity assumptions of the Cox model. We used time-varying covariates or spline functions to address violations as appropriate, the details of which are given in the Supplemental Methods (available as Electronic Supplementary Material). We again defined the time-varying anemia pattern and serum hemoglobin concentration variables in our proportional hazards models based on the most recent daily minimum serum hemoglobin concentrations relative to the time being evaluated. This step was taken to prevent the possibility of anemia pattern and/or serum hemoglobin concentration variables that occurred/were recorded after the onset of postoperative AKI being considered as predictors of postoperative AKI. For all time points after discharge or on postoperative day ten, whichever came first, the timevarying serum hemoglobin concentration model term was based on the last recorded daily minimum value. Additionally we evaluated postoperative AKI status as a time-varying covariate in the models. As inclusion of timevarying covariates precludes evaluation of the discriminatory ability and calibration of the final multivariable Cox regression model, we used the full set of clinical variables to adjust for all variables that could bias the estimate of the association between preoperative and postoperative anemia and mortality.
Interaction analyses were also performed to determine whether an association between an anemia pattern and perioperative packed red blood cell transfusion existed in relation to postoperative AKI and long-term mortality. Sensitivity analyses were also performed to determine whether exclusion of patients with preoperative elevated serum creatinine concentration [ 2 mgÁdL -1 affected the observed association among preoperative and postoperative anemia patterns and postoperative AKI, and long-term mortality. Hazard ratios and corresponding 95% confidence limits are reported. All analyses were performed using SAS Version 9.4 (SAS Institute Inc., Cary, NC, USA).
Results
The overall median preoperative serum hemoglobin concentration was 13 *The multivariable Cox regression analysis was based on n = 6,067 observations. This was due to missing information (n = 63) on preoperative medication use. For the ten patients who died within ten days before developing acute kidney injury we censored follow-up at time of death. Age, preoperative hemoglobin concentration, postoperative minimum hemoglobin concentration, duration of cardiopulmonary bypass, and year of surgery had an approximately linear association with the log-hazard of mortality and were modeled as such. Duration of aortic cross clamp had a linear relationship with the log-hazard of mortality when transformed using the log function, and nadir postoperative platelet count could not be linearized successfully and was categorized as extent of postoperative thrombocytopenia, i.e. none ([ 150 9 10 ). Unstable angina pectoris, intraoperative esmolol use and postoperative nadir platelet count were the only covariates demonstrating significant nonproportional hazards and time-varying effects. Unstable angina pectoris and intraoperative esmolol use were modeled using cut-points in the follow-up time, while for severe postoperative thrombocytopenia an interaction with the log transformation of time was applied. The multivariable regression model uses the full set of prespecified demographic and clinical variables that appear in Table 1 . CI = confidence interval Anemia and outcome after CABG surgery 53
including age, sex, medical history, comorbidities, previous and intraoperative cardiovascular medication use, and intraoperative characteristics.
Postoperative acute kidney injury
Given the definition we used for AKI, which had to occur within ten days after surgery, ten patients who died within ten days before developing AKI were censored at the time of death but were included in the analysis for postoperative AKI. According to the KDIGO criteria, 25 the overall incidence of postoperative AKI was 58% (n = 3,544), of which 89.7% (n = 3,179), 7.4% (n = 263), and 2.9% (n = 102) met the criteria for stages I, II, and III AKI, respectively. The incidence of AKI was 64% (764/1,197) in patients with preoperative anemia, 56% (894/1,595) in those with postoperative anemia, and 71% (895/1,253) in those with combined preoperative and postoperative anemia. In contrast, in patients without preoperative and postoperative anemia, the incidence was 48% (991/2,085). Several preoperative and intraoperative variables in the univariable analysis were significantly associated with an increased risk for postoperative AKI (Supplemental Table 1 ; available as Electronic Supplementary Material). When categorized based on the preoperative hemoglobin concentration and daily postoperative nadir hemoglobin concentration, preoperative anemia (univariable HR, 1.60; 95% CI, 1.49 to 1.72; P \ 0.001) and the presence of preoperative and postoperative anemia (univariable HR, 1.64; 95% CI, 1.47 to 1.85; P \ 0.001) were associated with postoperative AKI, whereas postoperative anemia alone (univariable HR, 1.06; 95% CI, 0.93 to 1.20; P = 0.39) was not. Furthermore, the preoperative hemoglobin concentration (univariable HR, 1.15; 95% CI, 1.13 to 1.17; P \ 0.001) and the daily postoperative hemoglobin concentration (univariable HR, 1.03; 95% CI, 1.01 to 1.06; P = 0.02) -defined as continuous variablesalso showed that for every 1 gÁdL -1 decrease in hemoglobin concentration there was increased risk for postoperative AKI.
After adjusting for differences in baseline and clinical characteristics, on any given day patients with preoperative anemia and those with a combination of preoperative and postoperative anemia had an elevated hazard for developing postoperative AKI (Table 2) . Multivariable analysis that incorporated preoperative serum hemoglobin levels and daily postoperative serum hemoglobin levels as continuous variables showed that, for every 1 gÁdL -1 decrease in preoperative serum hemoglobin concentration, the risk for postoperative AKI increased by 11% (multivariable HR, 1.11; 95% CI, 1.08 to 1.13; P \ 0.001). In contrast, for every 1 gÁdL -1 decrease in postoperative serum hemoglobin concentration, the risk for postoperative AKI did not change significantly (multivariable HR, 0.98; 95% CI, 0.95 to 1.01; P = 0.15).
Finally, a series of subdistribution Cox proportional hazard models were analyzed to study the association of the anemia pattern with AKI severity. After adjusting for other clinical variables, patients with combined preoperative and postoperative anemia -defined as categorical predictors -were significantly more likely to progress to postoperative AKI stage I (multivariable HR, 1.15; 95% CI, 1.01 to 1.32; P = 0.04) and stage II (multivariable HR, 1.93; 95% CI, 1.28 to 2.90; P = 0.002), though had no increased risk of developing AKI stage III (multivariable HR, 1.70; 95% CI, 0.87 to 3.34; P = 0.12) ( Table 3 ; see also the full multivariable results in Supplemental Table 2 ; available as Electronic Supplementary Material).
Long-term mortality Patients were followed until June 30, 2016, with a median duration of follow-up of 6.8 [IQR, 3.3-10.8] yrs. During the full follow-up period, the incidence of overall, all-cause mortality was 30.7% (1,880/6,130), and the 30-day mortality was 1.5% (89/6,130).
The anemia patterns as univariable and multivariable predictors of long-term mortality are shown in Table 4 (full  multivariable results are available in Supplemental  Table 3 ; available as Electronic Supplementary Material). Again, many preoperative and intraoperative characteristics were associated with an increased risk for long-term mortality. The univariable analysis showed that preoperative anemia and a combination of preoperative and postoperative anemia, compared with no anemia, were associated with higher risk for long-term mortality, whereas postoperative anemia, compared with no anemia, conferred a lower risk for long-term mortality (Supplemental Table 3 ; available as Electronic Supplementary Material). After adjusting for differences in baseline and clinical characteristics, preoperative anemia (multivariable HR, 1.29; 95% CI, 1.15 to 1.44; P \ 0.001) and a combination of preoperative and postoperative anemia (multivariable HR, 1.50; 95% CI, 1.25 to 1.79; P \ 0.001), compared with no anemia, remained associated with increased risk for long-term mortality. Multivariable analysis that incorporated preoperative serum hemoglobin levels and postoperative nadir serum hemoglobin levels as continuous variables showed that lower preoperative serum hemoglobin levels were associated with a significantly increased risk for long-term mortality (multivariable HR, 1.14; 95% CI, 1.10 to 1.17; P \ 0.001). In contrast, lower postoperative nadir serum hemoglobin levels were not significantly associated with a decreased risk for mortality (multivariable HR, 0.97; 95% CI, 0.94 to 1.01; P = 0.10).
Interaction and sensitivity analyses
We also investigated the relationship between intraoperative and postoperative packed red blood cell transfusion with preoperative and postoperative anemia patterns relative to postoperative AKI. Here, we found no evidence of a statistically significant effect between intraoperative and postoperative packed red blood cell transfusion and preoperative anemia (P = 0.27), postoperative anemia (P = 0.31), or preoperative and postoperative anemia (P = 0.82). These results indicated that there was no evidence of an interaction between intraoperative and postoperative packed red blood cell transfusions and the preoperative and postoperative anemia patterns for predicting postoperative AKI. Similarly, we found no evidence that there was an interaction between intraoperative and postoperative packed red blood cell transfusions and preoperative anemia (P = 0.358), postoperative anemia (P = 0.74), or preoperative and postoperative anemia (P = 0.16) for predicting long-term mortality. Finally, we explored the interactions between preoperative anemia (P = 0.99), postoperative anemia (P = 0.68), preoperative and postoperative anemia (P = 0.61), and postoperative AKI. We found no evidence of an interaction between postoperative AKI and anemia patterns regarding long-term mortality.
Among the 6,130 subjects studied, 0.15% (n = 369) had elevated preoperative serum creatinine concentrations ([ 2 mgÁdL -1 ). To determine whether the association between preoperative and postoperative anemia patterns and AKI persisted, we repeated the analysis excluding patients with an elevated preoperative serum creatinine concentration. We found that the association between preoperative anemia (multivariable HR, 1.23; 95% CI, 1.13 to 1.34; P \ 0.001), a combination of preoperative and postoperative anemia (multivariable HR, 1.25; 95% CI, 1.09 to 1.43; P = 0.001), and postoperative AKI remained statistically significant. Similarly, the association between preoperative anemia (multivariable HR, 1.30; 95% CI, 1.16 to 1.46; P \ 0.001), a combination of preoperative and postoperative anemia (multivariable HR, 1.44; 95% CI, 1.18 to 1.75; P \ 0.001), and long-term mortality remained statistically significant. Interestingly, for the patients with elevated preoperative serum creatinine concentrations, there was no significant association between preoperative and postoperative anemia patterns or postoperative AKI and long-term mortality.
Discussion
In this retrospective study of consecutive patients who underwent CABG surgery with CPB, we demonstrated a relationship between preoperative and postoperative anemia patterns and AKI. Importantly, we found that preoperative anemia alone and preoperative with postoperative anemia had an incremental effect on AKI severity. We also observed that preoperative anemia and a combination of preoperative and postoperative anemia were associated with long-term mortality.
Mechanisms of AKI
The mechanisms of AKI in patients undergoing cardiac surgery involve many factors, including reduced renal perfusion pressure, pro-inflammatory mediators initiated by CPB, pigment nephrotoxicity due to hemolysis, preexisting contrast nephrotoxicity due to preoperative coronary angiography, and microembolism, each of which may contribute to nephron ischemia-reperfusion injury. 32 This ischemia-reperfusion injury is more pronounced at the corticomedullary junction and in the medullary zone of the nephron, areas that are more vulnerable to ischemia because of their low partial pressure of oxygen and high metabolic demand. 33 Acute kidney injury in the setting of cardiac surgery unfolds in four phases: initiation, extension, maintenance, recovery. 34 All patients undergoing cardiac surgery with CPB develop some degree of ischemia-reperfusion injury to the kidneys that leads to the initiation phase of AKI. Preoperative anemia could contribute to progression to the extension phase of AKI, although this mechanism is poorly understood. 35 Indeed, the relation between anemia and kidney injury is complex. For instance, patients with chronic kidney dysfunction develop multifactorial anemia resulting from iron-restricted erythropoiesis, reduced erythropoietin production by the kidneys, shortened red blood cell life-span, and increased blood loss. 36 The consequent reduction in oxygen delivery to the kidneys exacerbates the ischemic and hypoxic injury to the metabolically active nephrons. 37 In the context of cardiac surgery with CPB, anemia is likely to become more severe owing to hemodilution and blood loss, further compromising the nephrons. In a large-animal model, Patel et al.
12 characterized this hypoxic injury as renal endothelial dysfunction, loss of nitric oxide bioavailability, vasoconstriction, medullary hypoxia, cortical adenosine triphosphate depletion, glomerular sequestration of activated platelets and inflammatory cells, and proximal tubule epithelial cell stress. Notably, patients with preoperative anemia who are undergoing cardiac surgery and those who develop postoperative anemia are more likely to receive red blood cell transfusion, which, in turn, has been associated with a higher risk for postoperative AKI. 38 Our study also found an association between intraoperative and postoperative (within two days of surgery) red blood cell transfusion and the risk for postoperative AKI.
Preoperative anemia, AKI, and mortality Our findings support the results of several previous studies that showed an association between preoperative anemia and postoperative AKI and mortality. In a study of 3,286 patients who underwent cardiac surgery, Karkouti et al. 16 found that patients with preoperative anemia had a significantly higher incidence of postoperative AKI (10.6%) than non-anemic patients (3.6%). Likewise, the incidence of the composite outcome of stroke, postoperative AKI, and death was elevated in patients with preoperative anemia (15.8% vs 5.0%). Argalious et al., 39 who studied 10,648 consecutive patients undergoing cardiac surgery, also found that a lower preoperative hematocrit was associated with a significantly higher risk for postoperative AKI. De Santo et al. 15 reported that, among 1,047 CABG surgery patients, those with preoperative anemia had a twofold increased risk for postoperative AKI compared with patients without preoperative anemia. Also, those who developed postoperative AKI had an almost 13-fold increased risk for hospital mortality than patients without postoperative AKI. Finally, in a series of 182,599 patients who underwent isolated CABG surgery with CPB, Williams et al. 40 found that those with a preoperative hematocrit \ 42% had higher incidences of renal failure (7.8% vs 2.0%) and operative mortality (3.4% vs 1.1%) than patients whose preoperative hematocrit was [ 42%.
Postoperative anemia, AKI, and mortality Although the interrelations among preoperative anemia, AKI, and mortality with CABG surgery are well known, no study has yet investigated a potential association between postoperative anemia per se and AKI or mortality. The few studies that did explore an association between postoperative anemia and postoperative non-renal major vascular outcomes yielded conflicting findings. For example, Spiess et al., 41 who studied 2,417 patients undergoing CABG surgery with or without other concurrent cardiac procedures, observed that, compared with patients who had medium (25-33%) or low (B 24%) hematocrit values on admission to the intensive care unit, those with the highest hematocrit (Hct) (C 34%) had a significantly higher rates of myocardial infarction (highest Hct, 8.3%; medium Hct, 5.5%; low Hct, 3.6%) and mortality (highest Hct, 11.7%; medium Hct, 7.4%; low Hct, 5.7%). Given the retrospective design of that study, the investigators were unable to address mechanisms most likely to explain the association between low hematocrit values immediately after surgery and the lower myocardial infarction and mortality rates. Of note, the above findings were not influenced by transfusion. In contrast, Oliver et al. 42 conducted a study of 1,216 consecutive patients who underwent cardiac surgery and found that minimum postoperative serum hemoglobin concentrations in the first and second quartiles (hemoglobin levels \ 8.10 and \ 8.91, respectively) were linked to a higher risk for organ failure, extended intensive care unit stay, and mortality than those with hemoglobin concentrations in the two upper quartiles.
In the current study, we investigated preoperative and postoperative anemia in the context of a homogeneous cohort of patients undergoing CABG surgery only, focusing primarily on the potential effects of postoperative anemia on AKI and long-term mortality. Indeed, we demonstrated a significant relationship between the combination of preoperative and postoperative anemia and AKI and long-term mortality. However, there was a lack of significant association between postoperative anemia alone and AKI and long-term mortality. These latter observations may indicate that postoperative acute anemia without preexisting preoperative anemia is a less important risk factor for both AKI and long-term mortality. Most frequently, postoperative anemia is well tolerated, and patients generally recover from it without significant end-organ injury. In contrast, preexisting (preoperative) anemia is often a reflection of chronic disease that, when combined with other comorbid conditions (e.g., peripheral vascular disease, heart failure, diabetes mellitus), influences long-term mortality after CABG surgery.
Clinical implications
Our findings have important clinical implications because the preoperative period offers the opportunity to identify and effectively treat anemia, thereby possibly mitigating the risks of postoperative AKI and long-term mortality. Preoperative measures, including the use of intravenous iron and/or erythropoietin, may prove beneficial in reducing risks associated with preoperative anemia and the need for red blood cell transfusions. Nevertheless, there is little or no current evidence relative to cardiac surgery that this practice is beneficial. 43 Future pragmatic trials are required to determine whether interventions that would minimize preoperative and postoperative anemia can ameliorate risks of AKI and/or mortality in the context of cardiac surgery. Opting for a minimally invasive approach to CABG surgery, improving oxygen delivery to the kidneys, minimizing the deleterious effects of CPB, and ascertaining the safe threshold for postoperative anemia could markedly reduce the possibility of fatal and non-fatal ischemic complications.
Limitations
Our study has some limitations. First, the data on predictors of postoperative AKI and long-term mortality were not collected prospectively. Second, given the retrospective nature of our study, we were unable to determine causality, and we could determine only the associations between anemia, AKI, and survival following CABG surgery. Furthermore, a portion of the data reported in this study had been used for analysis in a previously published study from our group. 1 Of note, however, no prior report by our group and/or by other independent groups investigated the interrelations of preoperative and postoperative anemia with AKI and mortality. Third, survival data in our study were obtained from the death registry in EpicÓ, which contains data from several sources. Consequently, there is a possibility that the mortality status for some of the studied patients may have been missed, although the incidence of long-term mortality reported in our study was similar to that reported by The Society of Thoracic Surgeons data registry. 45 Fourth, the generalizability of our observations and findings to other centers could be limited because our study was performed in a single tertiary center. Nevertheless, the frequency of patients with preoperative anemia and postoperative anemia, [14] [15] [16] [17] [18] postoperative AKI, 46 and longterm mortality 45 observed in our study were similar to those reported from large-scale retrospective studies. Fifth, most of the patients with preoperative and postoperative anemia received red blood cell transfusions. The fact that preoperative anemia, the combination of preoperative and postoperative anemia, and transfusion of blood products emerged as independent predictors of AKI and mortality suggests additive roles rather than confounding effects. Finally, our study included data from CABG surgery patients over a 14-yr period. Our analyses suggest that changes in patient management during that period resulted in improved overall survival. In contrast, however, a more recent year of surgery was not associated with a lower risk of postoperative AKI, which is consistent with published reports in cardiac surgery showing no improvements in postoperative renal outcomes over the past four decades. Despite adjustment for the year of surgery and other potential clinical-and procedure-related risk factors, the association between preoperative and postoperative anemia and AKI and mortality remained unchanged.
Conclusions
Our findings suggest that preoperative and postoperative anemia, and preoperative anemia combined with postoperative anemia, are interrelated risk factors for AKI following CABG surgery. We also observed that preoperative anemia and the combination of preoperative and postoperative anemia are associated significantly with long-term mortality. These findings suggest that strategies aimed at preventing anemia preoperatively as well as postoperatively may have an impact on reducing the risk of postoperative AKI and long-term mortality.
